Cerebellar granule cells undergo apoptosis in culture after deprivation of potassium and serum. During this process we found that tau, a neuronal microtubule-associated protein that plays a key role in the maintenance of neuronal architecture, and the pathology of which correlates with intellectual decline in Alzheimer's disease, is cleaved. The final product of this cleavage is a soluble dephosphorylated tau fragment of 17 kDa that is unable to associate with microtubules and accumulates in the perikarya of dying cells. The appearance of this 17 kDa fragment is inhibited by both caspase and calpain inhibitors, suggesting that tau is an in vivo substrate for both of these proteases during apoptosis. Tau cleavage is correlated with disruption of the microtubule network, and experiments with colchicine and taxol show that this is likely to be a cause and not a consequence of tau cleavage.
Apoptotic cell death is a f undamental biological process critical for the development of the organism and the maintenance of tissue homeostasis (Steller, 1995) . Inappropriate apoptosis is involved in neurodegenerative disorders, including Alzheimer's disease (AD) (Su et al., 1994; Smale et al., 1995; Thompson, 1995; De la Monte et al., 1997) .
This form of cell death occurs in two stages: commitment and execution (Steller, 1995) . The execution stage, manifested by plasma membrane blebbing, retraction of cellular processes (neurite retraction during neuronal apoptosis), chromatin condensation, fragmentation of DNA, and the formation of apoptotic bodies (Kerr et al., 1972; Cohen, 1993) , is initiated by the activation of caspases (Steller, 1995) and other proteases, including calpain, cathepsin D, and the 20S proteasome (Guenette and Tenniswood, 1994; Squier et al., 1994; Grimm et al., 1996; Sadoul et al., 1996) .
Many different proteins involved in key cellular processes have been reported to be substrate for these proteases (for review, see Cohen, 1997) .
The neuronal cytoskeleton is recognized as being integral to the shape and f unction of neurons. It is not surprising, therefore, that some of the morphological changes associated with neuronal apoptosis involve a significant modification of the cytoskeletal network, a process that is likely to contribute to the subsequent degeneration of neurons after they have undergone apoptosis. One critical component of the neuronal cytoskeleton is tau, the neuron-specific, microtubule-associated protein. Tau consists of a collection of six proteins derived by alternative mRNA splicing of a single gene (Goedert et al., 1989; Himmler et al., 1989) . In addition, tau also undergoes a complex pattern of posttranslational changes, including physiological phosphorylation and glycosylation (Lovestone and Reynolds, 1997) , as well as pathological phosphorylation (Grundke-Iqbal et al., 1986a) , glycosylation , glycation (Ledesma et al., 1994) , and truncation (Novak et al., 1993) in AD.
Tau, through its ability to bind and regulate microtubule (MT) structure and dynamics, is involved in many aspects of MT behavior such as neuronal morphogenesis, maintenance of axonal shape, and transport (Goedert et al., 1991; Hirokawa, 1994) . The affinity of tau for MT is regulated by (1) the number of MT binding repeats (Goedert and Jakes, 1990) , (2) the proline-rich sequence adjacent to the MT binding domain (Gustke et al., 1994) , (3) the anchoring to the plasma membrane via the N-terminal domain (Brandt et al., 1995) , and (4) the extent and sites of phosphorylation (Biernat et al., 1993) .
Here we used cerebellar granule cells deprived of potassium and serum (D'Mello et al., 1993; Galli et al., 1995) as a model system to study the effects of apoptosis on tau and microtubules.
Our results provide the first evidence that depletion of functional tau occurs during apoptosis. This depletion is mainly caused by calpain and caspase-3-dependent proteolytic cleavage of tau and by a relative increase in the 68 -69 kDa paired helical filament (PHF)-1 phosphorylated isoforms of tau known to be unable to bind microtubules. We suggest that these posttranslational modifications of tau contribute to the apoptotic breakdown of the neuronal cytoskeleton.
MATERIALS AND METHODS

Materials. Colchicine and Paclitaxel were from Sigma (St. L ouis, MO).
The protease inhibitors N-acetyl-Leu-Leu-norLeucinal (AL L N or calpain inhibitor I), N-acetyl-Leu-Leu-Methioninal (AL L M or calpain inhibitor II), trans-epoxy succinyl-L-leucylamydo-3-methyl-butane ethyl ester (E64d), and leupeptin were purchased from Sigma. The inhibitor of (ICE)-like protease, acetyl-T yr-Val-Ala-Asp-cho (Ac-YVAD-cho), was from Bachem (Torrance, CA). Benzyloxycarbonyl-Val-Ala-Aspfluoromethylchetone (z-VAD-fmk) and benzyloxycarbonyl-Asp-Glu-ValAsp-fluoromethylchetone (z-DEV D-fmk) were from C albiochem (La Jolla, CA). Compounds were dissolved in the amount of dimethyl sulfoxide (DMSO) required to establish stock solutions of 1000ϫ. No more than 0.1% solvent was present in culture medium.
Neuronal cultures. Cultures enriched in granule neurons were obtained from dissociated cerebella of 8-d-old Wistar rats (Charles River Laboratories, Wilmington, M A) as described by Levi et al., (1984) . C ells were plated in basal medium Eagle (BM E; Life Technologies, Gaithersburg, MD) supplemented with 10% fetal bovine serum, 25 mM KC l, and 2 mM glutamine (Life Technologies) on dishes (Nunc) coated with poly-Llysine. C ells were plated at 2.5 ϫ 10 6 per 35 mm dish or 7 ϫ 10 6 per 60 mm dish. 1␤-Arabinof uranosylcytosine (10 M) was added to the culture medium 18 -22 hr after plating to prevent proliferation of non-neuronal cells.
Treatment of cultures. Cultures [6 -7 d in vitro (DIV)] were washed two times and maintained in serum-free BM E (5 mM KC l) supplemented with glutamine and gentamicin. Control cells were washed and maintained in serum-free medium containing 25 mM KC l. Protease inhibitors were added to the cultures once (2 hr) before and once after induction of apoptosis.
Neuronal survival. Neuronal survival was usually assessed by counting the number of intact nuclei, after lysing the cells in detergent-containing solution by the method of Soto and Sonnenschein (1985) modified by Volonté et al. (1994) .
Isolation of tau f rom cerebellar granule cells. Total proteins were extracted by scraping the cells in SDS-reducing sample buffer and then by boiling for 5 min. To obtain tau proteins that are either bound to MTs or free in the cytosol, the cells were scraped from the culture dish into microtubule stabilization buffer (0.1 M M ES, 0.5 mM MgSO 4 , 1 mM EGTA, 2 mM dithiothreitol, pH 6.8, 0.75 M NaC l, 2 mM GTP, 20 M taxol) plus 0.1% Triton X-100 (v/ v) and a mixture of protease and phosphatase inhibitors (2 mM phenylmethylsulfonyl fluoride, 20 mM NaF, 0.5 mM sodium orthovanadate, and N-tosyl-L-phenylalanine chloromethyl ketone, N␣-p-tosyl-L-lysine chloromethyl ketone, leupeptin, pepstatin, and soy bean trypsin inhibitor, each at 1 g /ml, homogenized in a glass-Teflon homogenizer (20 strokes). The bound microtubules were sedimented by centrif ugation at 13,000 rpm for 15 min at room temperature and then resuspended in SDS-reducing sample buffer. The resulting supernatant, containing the soluble fraction of the cytoskeleton, was alcohol-precipitated at Ϫ20°C and centrif uged, and the resultant pellet was resuspended in MT stabilization buffer (for determination of protein content) and then in 2ϫ SDS-reducing sample buffer and heated for 5 min at 95°C.
Western blot anal ysis. Equal amounts of protein [determined by the method of L owry et al. (1951) ] from different experimental conditions were subjected to SDS-PAGE on 7-15% linear gradient gels (Laemmli, 1970) . After they were electroblotted to nitrocellulose (Hybond-C), proteins were visualized using appropriate primary antibodies. All primary antibodies were diluted in 0.5% (w/ v) nonfat dry milk and incubated with the nitrocellulose blot overnight at 4°C. Incubation with secondary peroxidase-coupled anti-mouse or anti-rabbit antibodies was performed at room temperature for 45 min. Blots were developed by using the ECL system (Amersham, Arlington Heights, IL). Development of Western blots was terminated before band intensity was saturated; relative optical densities and areas of bands were quantified using a computerized image analysis system.
Antibodies. Several anti-tau antibodies were used in this study. They include Tau-1 (Grundke- Iqbal et al., 1986b ) (Boehringer Mannheim, Mannheim, Germany), 304 (Goedert et al., 1992) , PHF-1 (Greenberg et al., 1992) , 12E8 (Seubert et al., 1995) , T49 and AT8 (Mercken et al., 1992) , M N7.51 (Novak et al., 1991) , ␤-actin (Sigma), and anti ␣-tyrosinylated tubulin (YL1/2) (K ilmartin et al., 1982) . PHF-1, AT8, 12E8, and T49 were kindly provided by Dr. V. Lee (Department of Pathology and Laboratory Medicine, University of Pennsylvania School of Medicine, Philadelphia, PA).
Immunofluorescence. C erebellar granule cells were fixed with 4% (w/ v in PBS) paraformaldehyde for 15 min at room temperature. Fixed cells were washed in PBS, pH 7.5, and then permeabilized with 0.1% Triton X-100 -Tris-C l, pH 7.5, for 5 min. The coverslips were treated with monoclonal antibody (mAb) M N7.51 (1:10) or Tau-1 (1:100) for 1 hr in a moist chamber at room temperature, rinsed in PBS, and stained with FI TC -conjugated secondary antibodies (Sigma) for 30 min. Nuclei were stained with Hoechst 33258 (Sigma) 0.5 mg /ml in PBS for 5 min.
In vitro cleavage reaction by millimolar-calpain. Purified bovine tau (Sigma) or cytoplasmatic extract from cerebellar granule cells at 8 DIV were used for the in vitro tau cleavage assay. After two washes in PBS, cells were lysed in a buffer containing 20 mM Tris-HC l, pH 7.4, 150 mM NaC l, 1 mM dithiothreitol, 5 mM EDTA, 5 mM EGTA, and 1% (w/ v) Triton X-100 for 1 hr at 0°C. The lysates were cleared by centrif ugation and stored at Ϫ70°C in 50% (v/ v) glycerol. The cleavage reaction was performed for 10 min at 30°C. The reaction mixture (30 l) containing 20 g of cellular extract was incubated in the presence or absence of purified m-calpain (rabbit skeletal muscle, Sigma), in 50 mM Tris-HC l, pH 7.5, 100 mM NaC l, 2 mM dithiothreitol, 1 mM EDTA, and 5 mM CaCl 2 . The concentration of calpain used in the in vitro cleavage was 0.5 U/20 g tau. The digestion was neutralized by the addition of SDScontaining sample buffer for PAGE and boiling. Samples were subjected to electrophoresis and electrotransfer. The blots were then probed with mAb Tau-1.
In vitro translation and cleavage of tau with caspase-3. Recombinant human caspase-3 with a C -terminal His6 tag was expressed in Escherichia coli as described previously (Brancolini et al., 1997) . The recombinant protease was purified on a Ni2ϩ affinity resin. For the in vitro protease assay Tau [tau40pSG5 (Novak et al., 1993) ] was labeled with 35 S using the Transcription N Translation-coupled reticulocyte lysate system (Promega, Madison, W I). T wo microliters of translated reticulocyte lysate were incubated with purified caspase-3 in 10 l of caspase-3 buffer (Brancolini et al., 1997) with protease inhibitors (1 mM PMSF and 10 g /ml each aprotinin, leupeptin, and pepstatin) for 30 min. at 37°C. Reactions were terminated by adding 1 vol of SDS gel loading buffer and boiling for 3 min.
RESULTS
Rat cerebellar granule cells can be induced to undergo apoptosis if the potassium concentration is reduced to 5 mM (K5) and serum is removed (SϪ) after a period of initial growth in 25-30 mM potassium (K25) and serum (Sϩ) (Gallo et al., 1980; D'Mello et al., 1993; Galli et al., 1995) . The apoptosis that is induced decreases the viability of cerebellar granule cells by Ͼ50% when measured after 24 hr (see Fig. 2 A) .
Tau is cleaved during neuronal apoptosis
One of the characteristic changes seen during neuronal apoptosis is an alteration of the cytoskeleton, manifested as an early beading, thinning, and degeneration of neurites followed by blebbing and fragmentation of the cell bodies. This observation led us to investigate the effect of apoptosis on tau, one of the major microtubule-associated proteins (MAPs), which promotes tubulin polymerization and stabilizes microtubules (Drechsel et al., 1992) .
Examination of the state of tau in a total extract of cells undergoing apoptosis with the mAb Tau-1, which recognizes a dephosphorylated epitope at 189 -207 ( Fig. 1) (Szendrei et al., 1993) , reveals the appearance of a 17 kDa band (and a ladder of intermediate bands probably corresponding to incomplete cleavage) within 6 hr of inducing apoptosis (Fig. 2 A) . Because at this time (Ͻ6 hr) apoptosis is largely reversible (Galli et al., 1995) and all cells are still alive and morphologically well preserved (D'Mello et al., 1993) , tau cleavage is a very early event in this apoptotic process, a characteristic common to other death substrates (Cryns et al., 1996) .
Inhibition of apoptosis using a number of known anti-apoptotic reagents (D'Mello et al., 1993; Galli et al., 1995; Vitolo et al., 1998) (Fig. 2 B) results in disappearance of the 17 kDa band in direct proportion to the anti-apoptotic efficacy of the reagent in this system. Forskolin and IGF-1, for example, are powerful inhibitors of apoptosis and completely abolish the 17 kDa band, whereas ␤NAD (Vitolo et al., 1998) and adenosine and PACAP-38 (Villalba et al., 1997) are less effective, and a residual amount of the 17 kDa band can be seen (Fig. 2 B) .
In an attempt to localize this fragment within tau, we used the phosphorylation-independent antibodies 304, M N7.51, and T49 ( Fig.1) , which recognize sites flanking those recognized by Tau-1. We found a general reduction in the amount of tau present, but the 17 kDa band was not visualized by these antibodies (data not shown). This indicates that the 17 kDa fragment is found within the 232 amino acids between 73 and 315 (the limits of the epitopes recognized by 304 and M N7.51).
During apoptosis, a reduction in tau binding occurs simultaneously with the disruption of the microtubule network
The effect of this cleavage on the ability of tau to associate with microtubules was investigated by fractionating extracts from cerebellar granule cells undergoing apoptosis into Triton X-100-soluble and -insoluble (cytoskeletal or MT bound) fractions and probing with mAbs recognizing tau, tubulin, and ␤-actin. Results of these experiments are shown in Figure 3 in terms of Western blots and in Figure 4 as densitometric analysis of the same experiments. As can be seen in Figure 3 A, F, the 17 kDa fragment recognized by Tau-1 is recovered predominantly in the soluble cellular fraction from apoptotic cells, indicating that this fragment is unable to bind (or loosely binds) to microtubules. In addition to the presence of the 17 kDa fragment in the soluble fraction, it can be seen that the amount of f ull length tau bound to microtubules recognized by Tau-1 shows, after a peak detectable at 3 hr, a progressive decrease with the onset of apoptosis [35% of control levels after 12 hr (Figs. 3A, 4A) ], whereas that in the soluble fraction (Figs. 3F, 4C ), on the contrary, increases by Ͼ70%. To investigate whether the reduction in tau bound to MTs (Fig. 3A) is absolute or attributable to a change in phosphorylation status, the same gels shown in Figure 3A were stripped and reprobed with M N7.51 (Fig. 3B) , a mAb that recognizes tau independently of its phosphorylation status. This shows, consistent with the Tau-1 results, that there is a significant decrease of MT-bound tau by 12 hr [Ͼ90% (Fig. 4 A) ], confirming that this change reflects a reduction in total microtubule-bound tau and not a modification in phosphorylation status. A similar trend is seen with T49, which recognizes the N terminus of tau (Figs. 3C,  4 A) . These changes in microtubule-bound tau are accompanied by disruption of the microtubule network, manifested by a reduction in the amount of ␣-tyrosinylated tubulin in the cytoskeletal fraction (Fig. 3D ) and its increase in the soluble pool (Figs. 3I, 4B) As mentioned above, although the general trend is for the levels of MT-bound tau to reduce with apoptosis, there is a consistent increase seen early in the process (at 3 hr). In fact, there is a strong correlation between the levels of MT-bound tau ( Fig. 3A-C ) and the amount of polymerized tubulin (Fig. 3D) , suggesting a causal relationship between the two, which is bestillustrated in Figure 4 A,B.
That these changes in tau and tubulin levels are not consequences of different gel loadings is shown by the levels of ␤-actin, which remains constant throughout (Figs. 3E, 4A ). This also shows that the dramatic reduction in the cytoskeletal content of tau was not caused by an induction of general proteolysis, as also confirmed by Coomassie staining of gels (data not shown). Hence it is unlikely that the proteolysis of tau is attributable to gross changes in the total amount of cytoskeleton proteins.
Interestingly, the increase in Tau-1-reactive tau in the soluble fraction is accompanied by a decrease in full length tau (30 -70% at 12 hr), as shown by the staining patterns with MN7.51 and T49 (Figs. 3G,H, 4B), indicating that the total amount of soluble tau decreases with apoptosis and that the degree of phosphorylation at the Tau-1 site is reduced. Figure 3G also shows that there is a reduction in the size of tau (ϳ5 kDa) recognized by MN7.51 that is not seen by T49 (Fig.  3H ). Because both of these mAbs recognize phosphorylationindependent epitopes, this reduction in size is attributable not to changes in phosphorylation but to loss of the T49 epitope located at the N terminus (Mawal-Dewan et al., 1994) in a large fraction (70%) of the tau molecules. This may be a precursor to the 17 kDa fragment, which by 12 hr accounts for 40% of total Tau-1-recognized tau (Figs. 3F, 4C ), a figure similar to the percentage of apoptotic cells. It is difficult, however, to assess what proportion of total tau this represents, because of the requirement that this antibody has for the dephosphorylated epitope.
The cleavage of tau is not a consequence of a destabilization of microtubules
To investigate whether tau cleavage was a consequence of microtubule destabilization, we treated cerebellar granule cells with 1 M colchicine, a drug that causes apoptosis by disassembly of the microtubule network (Bonfoco et al., 1995) . We found that this treatment did not lead to tau cleavage until 24 hr of apoptosis, by which time the number of apoptotic cells reached 70% (Fig. 5A) . That tau is not cleaved merely as a result of disruption of microtubules was further confirmed by treating cells undergoing apoptosis (after potassium and serum deprivation) with taxol (at concentrations ranging from 0.1 to 20 M), a drug that polymerizes and stabilizes microtubules, although it is unable to inhibit apoptosis under these conditions. We noted that under this condition the production of the 17 kDa fragment still occurs (Fig. 5B) .
Apoptosis changes the phosphorylation state of tau
Tau phosphorylation has been reported to affect its susceptibility to proteases (Litersky and Johnson, 1992; Wang et al., 1995) as well as its ability to bind to microtubules (Biernat et al., 1993; Lindwall and Cole, 1984) . To investigate the effect of apoptosis on tau phosphorylation we used a number of mAbs that recognize phosphorylated epitopes (Fig. 1) . Figure 6 A, B shows that there is a decrease in the phosphorylation of those epitopes recognized by the mAbs 12E8 and AT8 (80 -90% by 12 hr). PHF-1 also shows a decrease in phosphorylation, but not all PHF-1-immunoreactive tau isoforms are decreased similarly: the smaller (45-55 kDa) fragments decrease by 80 -90%, whereas the larger (68 kDa) are scarcely touched (Fig. 6C) . This is reminiscent of the A68 fragment found in AD (Lee et al., 1991) . These 68 kDa tau isoforms (like their AD counterparts) are not able to bind the microtubules, because they are not recovered in the insoluble fraction extract (data not shown).
This decrease in tau phosphorylation is probably attributable to two factors: an absolute reduction in the amount of tau caused by the cleavage described above as well as a parallel reduction in phosphorylation. This is a finding confirmed for the site recognized by the antibodies Tau-1 and AT8. Tau-1 recognizes tau nonphosphorylated at Ser 186,189,190 and Ser 193 (Szendrei et al., 1993) , whereas AT8 recognizes tau phosphorylated at Ser 193 and Thr 196; as such they can be considered relatively complementary (Burack and Halpain, 1996) . As can be seen by comparing Figure 2 with Figure 6 A, the increase in the immunoreactivity of Tau-1 is associated with a complete loss of AT8 immunoreactivity.
Cellular redistribution of tau during apoptosis
Because not all cells undergo apoptosis simultaneously in this preparation, the biochemical changes in tau described above reflect changes in a population of cells, each cell being in a different phase of apoptosis. To examine the effects of apoptosis on individual cell, immuofluorescence with Hoechst 33258 (which stains the nucleus), MN7.51, and Tau-1 was performed (Fig. 7) . It can be seen that only in those cells undergoing apoptosis, recognizable as those having a small condensed or fragmented nucleus strongly stained with Hoechst (Fig. 7, white arrows) , MN7.51 staining shows a generalized decrease of tau (Fig. 7, compare A, C), whereas Tau-1 staining increases, becoming concentrated in the cell body and markedly reduced in neurites compared with that in control cells (Fig. 7, compare A',C' ). This difference in staining patterns is difficult to explain purely in terms of changes in tau phosphorylation and is more likely to be caused by microtubule depolymerization as result of tau degradation into smaller fragments, one of which (that recognized by Tau-1) remains intact and is redistributed from neurites to perikarya, whereas that recognized by MN7.51 is progressively degraded.
These changes in tau immunostaining are accompanied by a generalized disappearance of the microtubule network (data not shown), indicating that destruction of the microtubule network and a reduction of tau levels are essential components of the apoptotic process in neurons.
Identification of the proteases responsible for producing the 17 kDa fragment
Having demonstrated that tau cleavage is an early event in apoptosis, we next examined the sensitivity of this cleavage to different protease inhibitors. To this aim, these compounds were added to cerebellar granule cells before, or simultaneously with, the induction of cell death. As shown in Figure 8 A, the greatest Figure 2 . Specific and rapid cleavage of tau during the apoptosis of CGC induced by potassium and serum deprivation. A, CGC s were washed and maintained in high-potassium and serum-free medium (S-K25) for 24 hr or switched to K5 and serum-free BM E (S-K5). At 1, 3, 6, 12, and 24 hr after the switch, 25 g of total cellular protein was analyzed by Western blot using the mAb Tau-1 (see Fig. 1 ). For each time point, the corresponding viability was determined as described in Materials and Methods. B, Effect of various antiapoptotic agents on the generation of the Tau-1-recognized 17 kDa fragment. Granule cell neurons were maintained in S-K25 or subjected to S-K5 alone or in the presence of IGF-1 (25 ng /ml), forskolin (10 M), nicotinamide adenine dinucleotide (␤-NA D) (100 M), adenosine (100 M), or pituitary adenylate cyclase-activating polypeptide (PACAP)-38 (100 nM) for 16 hr. The corresponding viability for each lysate was determined as described in Material and Methods and reported below the figure. Figure  3G . The absolute scanning values are given for 17, 45, and 55 kDa fragments.
inhibition of the formation of the 17 kDa fragment is seen with inhibitors that block either calpain and proteasomes (ALLM, ALLN), calpain and cathepsin (E64d), or calpain alone (leupeptin); AL L N and AL L M reduce the intensity of this band by Ͼ95%, whereas protease inhibitors with different specificities have no effect on the formation of the 17 kDa fragment in apoptotic cells (Fig. 8 B) . This suggests that the protease in cerebellar granule cells responsible for this activity is calpain. These calpain inhibitors, in addition to reducing the intensity of the 17 kDa band, also caused an increase in f ull length tau and bands 5-10 kDa smaller than f ull length tau. These are probably caused by an accumulation of tau partially cleaved by other protease(s) as well as an increase in the amount of dephosphorylated tau recognized by Tau-1.
Further confirmation of calpain as the protease responsible for this tau cleavage was obtained by in vitro cleavage of both purified tau and tau derived from cerebellar granule cell (CGC) extracts, using purified calpain. As can be seen in Figure 8C , a band with a mobility of 17 kDa, identical to that seen during apoptosis, and whose appearance can be inhibited by AL L N, is obtained with in vitro cleavage of both cerebellar cell extracts and purified tau. Figure 8C also demonstrates that partial cleavage of tau could be obtained by calcium activation of endogenous calpain (control 2) as well as an increase in tau dephosphorylation caused by activation of endogenous phosphatases.
CGC induced to undergo apoptosis by serum and potassium deprivation were also treated with the caspase inhibitors YVADcho (caspase-1), z-DEV D-fmk (caspase-3), or z-VAD-fmk (general caspase) (for review, see Cohen, 1997) . Of these, z-VAD-fmk reduced the intensity of the 17 kDa band by 80 -90% and z-DEVD-fmk reduced it by 35% (Fig. 9 B) , whereas YVAD-cho had no effect (Fig. 9 A, B) .
Of the caspases, caspase-3 is that involved in the cleavage of most apoptotic substrates (Cohen, 1997) . To find out whether caspase-3 was also able to cleave tau, in vitro translated tau was treated with this protease. As seen in Figure 9C , caspase-3 reduces the size of tau by ϳ5 kDa, this reduction being inhibited by AcDEVD-cho, a specific caspase-3 inhibitor. Tau is known to migrate anomolously in PAGE, and this result is consistent with the cleavage of either one or both of the terminal potential caspase-3 sites reported in Figure 10 . The potential internal site identified within the fourth repeat at 341 is resistant (Fig. 10) . Interestingly, this in vitro cleavage of tau by caspase-3 yields bands similar in size to those seen when apoptotic granules are treated with calpain inhibitors (Fig. 8 A) .
This finding indicates that tau is a substrate for both calpain and caspase-3 and that cleavage with both of these proteases appears to occur during apoptosis in this system.
DISCUSSION
In this study we show that when apoptosis is induced in CGC by deprivation of K ϩ and serum, tau is cleaved to a 17 kDa residual fragment. The appearance of this fragment is dependent on the induction of apoptosis, because inhibition of this process blocks its appearance; it is specific, because neither tubulin nor actin undergo similar changes in this model of apoptosis, and it is proportional to the duration of apoptosis.
The 17 kDa fragment is unable to bind to microtubules (Fig.  3A) , and its appearance is also associated with a reduction in the amount of f ull length microtubule-bound tau. This is strongly correlated with a dramatic destabilization of the microtubule network, as shown by a decrease in the amount of polymerized tubulin and an increase in the level of soluble tubulin monomers (Fig. 3 D, H ). Our data suggest that relative changes in tau phosphorylation could also contribute to microtubule breakdown. In particular, Figure 6 C shows that the levels of the 68 -69 kDa tau isoforms recognized by PHF-1 are not altered during apoptosis. As a result, the densitometric ratio between this form (68 -69 kDa) and the smaller (50 -55 kDa) changes from 0.5 (in control cells) to 3.0 (in K ϩ -deprived cells), indicating that as apoptosis progresses, the bulk of soluble tau becomes incompetent to bind tubulin. This observation is in agreement with data in the literature (Lee et al., 1991) as well as our finding that these isoforms of phosphorylated tau (68 -69 kDa) were never recovered in the cytoskeleton fraction, indicating that they do not, or that they loosely bind MTs (data not shown). One reason for the accumulation of such isoforms is likely to be their resistance to protease digestion (Litersky and Johnson, 1992; Wang et al., 1995) .
An examination of the sequence of tau reveals the presence of a number of potential calpain cleavage sites (Fig. 10) . It is striking that complete cleavage of the longest tau isoform by calpain would be predicted to yield a fragment of 18.6 kDa, very similar to that found. C leavage of all the alternatively spliced forms of tau would be expected to yield two f urther bands of 12.8 and 15.7 kDa (Fig. 10) . In other experiments (data not shown), three fragments can be seen. These data, coupled with the fact that the appearance of this fragment can be inhibited by calpain inhibitors and an identically sized fragment can be produced by calpain in vitro, indicate that calpain is involved in cleavage of tau in this model of neuronal apoptosis. Recently it has been reported that calpains are Figure 5 . Effect of colchicine and taxol on tau cleavage during apoptosis. A, Cultured cerebellar granule neurons were exposed to 1 M colchicine for 24 hr or maintained in SϩK25 [control ( C)] or induced to undergo apoptosis by serum and potassium deprivation in the presence of taxol 0.1-20 M for 12 hr. B, Total cellular proteins were extracted and analyzed by SDS-PAGE (7-15%) (15 g of protein per lane in Fig. 4 A and 25 g per lane in Fig. 4 B) , electroblotted, and analyzed with mAb Tau-1. activated in CGC undergoing apoptosis (Nath et al., 1996) and in other models of apoptosis (Sarin et al., 1994; Villa et al., 1998) as well as in neuronal death associated with ischemia (Neumar et al., 1996) and some neurodegenerative diseases (Saito et al., 1993) . The identification of tau as substrate for calpain during apoptosis suggests that calpain-mediated proteolysis may play an important role in the dismantling of cytoskeletal architecture associated with apoptosis. It is noteworthy in this respect that levels of calpain activity have also been shown to be increased in AD (Saito et al., 1993) . Figure 5D , T indicates the total PHF-1 immunoreactivity. In addition, tau also has three potential caspase-3 sites [DXXD (Cohen, 1997) ] at positions 25, 341, and 421, each of which is close to a potential calpain site (11/44, 340, and 394) (Fig. 10) . Cleavage of the N-and C -terminal caspase sites would be expected to lead to a reduction in the size of tau of 2-4 kDa. This is similar to the size reduction seen with M N751 during apoptosis (Fig. 3F ) and could also correspond to one of the slower migrating tau forms seen when calpain is inhibited during apoptosis (Fig. 8 A) . Inhibition of caspases with VAD-fmk and DEVD-fmk results in a reduction in the 17 kDa Tau-1 band and the appearance of a Tau-1-positive form of tau that is 2-4 kDa smaller than full length, probably the result of a tau cleavage very close to the end, by the action of another protease (calpain) (Fig. 9A) . These results can be interpreted in a number of different ways. (1) Tau is cleaved by caspases, and caspase cleavage is required for efficient calpain cleavage; (2) changes in the level of the 17 kDa fragment are a result of the effects of caspase inhibitors on apoptosis itself, although this effect is slight in our system; and (3) caspases are able to control calpain activation either directly or indirectly. The treatment of in vitro translated tau by caspase-3 ( Fig. 9C) clearly reveals that tau can act as an in vitro substrate for this protease, producing fragments of the size expected if the Nand C -terminal sites, but not that at 341, were used. Unfortunately, analysis of tau cleavage by caspases during apoptosis is complicated by the presence of multiple tau isoforms, a complex phosphorylation pattern, and the fact that caspase cleavage occurs very close to the ends of tau and not by release of a diagnostic fragment as occurs with calpain.
Exposure of CGC to potassium and serum deprivation results in a general decrease in phosphorylation (increased tau-1 and decreased PHF-1, AT8, and 12E8 immunoreactivity) (Fig. 6 A) . This could be attributable to increases in protein phosphatase or decreases in kinase activity. We have found that [as reported by Gong et al. (1994a) ] the epitope recognized by Tau-1 is probably dephosphorylated by phosphatase 2A and 1, because its appearance is inhibited by okadaic acid and calciculin A (data not shown). It is known that phosphatase PP2B/calcineurin is activated by calpain (Saido et al., 1994) , and this too, could contribute to tau dephosphorylation (Gong et al., 1994b) . Preliminary data from our laboratory in support of this indicate that calcineurin is activated during K ϩ deprivation-induced apoptosis in CGC. We have been unable to determine whether dephosphorylation precedes or follows tau cleavage. It is reported that dephosphorylation renders tau more vulnerable to proteolysis (Litersky and Johnson, 1992) but also increases the ability to bind to microtubules (Lindwall and Cole, 1984; Drubin and K irschner, 1986) . On the basis of these findings, the effect of tau dephosphorylation would be expected to be an initial, increased microtubule binding (a direct effect of dephosphorylation) followed by a decrease (as a consequence of cleavage secondary to dephosphorylation), which mirrors the findings we describe here (Figs. 3, 4) .
Our data for the first time suggest that cleavage of tau, by the concerted action of calpain and caspase, may play an important role in the structural and biochemical changes associated with apoptosis. Beyond its role in modulating microtubules dynamics, tau also interacts with the plasma membrane through its amino terminal region (Brandt et al., 1995) . It has been proposed that this interaction increases the affinity of tau for microtubules (Brandt et al., 1995) . The cleavage of the tau N terminus by caspase-3 or calpain or both could therefore reduce the affinity of tau for microtubules, thus leading to a greater fraction of tau susceptible to complete degradation by calpain (appearance of 17 kDa). The N-terminal domain also serves as an anchoring device for cellular proteins, notably kinases and phosphatases (Mandelkow et al., 1992; Sontag et al., 1995) . Thus it is tempting to speculate that tau cleavage contributes not only to the destabilization of the microtubule network and impairment of signal transduction but also to a loss of the interaction between tau and other cellular proteins. It has also been reported that tau interacts with actin (Correas et al., 1990) and ␣-spectrin (Carlier et al., 1984) , the latter being cleaved, both by caspases and calpain, in GCC undergoing apoptosis (Nath et al., 1996) . Thus, cleavage of these two proteins could amplify any signal that leads to destabilization, not only of the microtubule network but also of the cortical cytoskeleton. Furthermore, it has been shown (Fasulo et al., 1998 ) that cleaved tau can itself induce apoptosis. This latter result, coupled with our findings, suggests that tau cleavage could initiate a positive feedback cycle with cell death as the final outcome.
In the brains of patients with AD, the cytoskeleton is gradually damaged and replaced by bundles of PHFs, which are largely composed of abnormally processed forms of tau (Grundke-Iqbal et al., 1986a; Wischik et al., 1988; Brion et al., 1991; Iqbal et al., 1994) .
It has been suggested that the underlying pathogenesis of AD may involve inappropriate apoptosis as detected by DNA fragmentation (Su et al., 1994) , a finding that has been associated with tau cleavage in AD (Ugolini et al., 1997) . Inappropriate imbalances between proteases and protease inhibitors are known to occur in AD (Saido et al., 1994) and are believed to be involved in the pathogenesis of Alzheimer's disease. In light of this, our observations may provide further insight into the pathogenesis of this disease. 
